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Abstract Arctic cyclones (ACs) are a severe atmospheric phenomenon that affects the Arctic environment.
This study assesses the forecast skill of ﬁve leading operational medium-range ensemble forecasts for 10
extraordinary ACs that occurred in summer during 2008–2016. Average existence probability of the predicted
ACs was>0.9 at lead times of ≤3.5 days. Average central position error of the predicted ACs was less than half
of the mean radius of the 10 ACs (469.1 km) at lead times of 2.5–4.5 days. Average central pressure
error of the predicted ACs was 5.5–10.7 hPa at such lead times. Therefore, the operational ensemble
prediction systems generally predict the position of ACs within 469.1 km 2.5–4.5 days before they
mature. The forecast skill for the extraordinary ACs is lower than that for midlatitude cyclones in the
Northern Hemisphere but similar to that in the Southern Hemisphere.
Plain Language Summary The shipping on the Northern Sea Route has become more accessible
due to the recent sea ice loss. Meanwhile, such human activity over the Arctic is exposed to risks of severe
atmospheric phenomena, including Arctic cyclones (ACs). As the AC frequency reaches its peak in summer
and ACs can affect the Arctic environments like sea ice and wave height, the planning of ship routes requires
an accurate prediction of extraordinary ACs, particularly their positions. This study assesses the forecast skill
of operational medium-range ensemble forecasts for 10 extraordinary ACs that occurred in the recent
decade. The results show that average central position error of the predicted ACs is less than half of the mean
radius of the 10 ACs 2.5–4.5 days before their mature stage, with a central pressure error of 5.5–10.7 hPa. The
forecast skill for the extraordinary ACs is lower than that for midlatitude cyclones in the Northern
Hemisphere but similar to that in the Southern Hemisphere. These results are useful for using and
improving numerical weather predictions over the Arctic.
1. Introduction
Arctic cyclones (ACs) are long-lived cyclones occurring over the Arctic in summer (Tanaka et al., 2012). Overall,
ACs have a warm and a cold core at upper and lower levels, respectively, and barotropic structure of vorticity,
as well as polar lows (e.g., Sakamoto & Takahashi, 2005). The baroclinicity over the Arctic frontal zone (Aizawa
et al., 2014; Crawford & Serreze, 2016, 2017) and the merging of cyclones and subsequent coupling of
upper- and lower-level vortices (Simmonds & Rudeva, 2014; Tao et al., 2017) play an important role in the
development and maintenance of ACs.
Cyclone activity has a large environmental impact over the Arctic (Simmonds et al., 2008; Simmonds & Keay,
2009). Two extraordinary ACs in August 2012 (AC12; Simmonds & Rudeva, 2012) and 2016 (Yamagami et al.,
2017) caused sea ice reduction (Parkinson & Comiso, 2013; Petty et al., 2018). In addition, the prediction of
AC12 signiﬁcantly affected the prediction of sea ice (Ono et al., 2016). As the Northern Sea Route has become
more accessible due to the recent loss of sea ice (Eguíluz et al., 2016), planning of ship routes requires accu-
rate prediction of ACs, particularly their positions.
Numerous operational numerical weather prediction (NWP) centers routinely conduct ensemble forecasts
with perturbed initial and/or boundary conditions to provide probabilistic information regarding high-impact
weather and to estimate the weather forecast uncertainty. Previous studies have usedmedium-range ensem-
ble forecasts to investigate the forecast skill for various atmospheric phenomena in the tropics and midlati-
tudes (e.g., Frame et al., 2011, 2013; Matsueda, 2009, 2011; Matsueda & Endo, 2011; Matsueda & Kyouda, 2016;
Matsueda & Palmer, 2018). Yamagami et al. (2018) examined the forecast skill for AC12 and showed that the
development and position at the mature stage could be predicted 2–3 days in advance. However, the fore-
cast skill for other extraordinary ACs in summer has not yet been assessed. In this study, the forecast skill for
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extraordinary ACs that occurred in summer (June–August) during 2008–2016 is assessed using ensemble
forecasts, with a focus on existence probability, central pressure, and position at the mature stage.
2. Methods
2.1. Data
We used medium-range ensemble forecast data from the ﬁve leading NWP centers: the Canadian
Meteorological Centre (CMC), the European Centre for Medium-Range Weather Forecasts (ECMWF), the
Japan Meteorological Agency (JMA), the U.S. National Centers for Environmental Prediction (NCEP), and
the UK Met Ofﬁce (UKMO), available via the The Interactive Grand Global Ensemble (Swinbank et al., 2016)
data portal (see the supporting information Table S1 for details of each ensemble prediction system).
These NWP centers show a higher forecast skill over the Arctic than the other NWP centers (Jung &
Matsueda, 2016). The forecast data are interpolated into a spatial resolution of 2.5° and has a 6-hourly
temporal resolution. Note that there are some data gaps for NCEP in 2016.
The ECMWF Reanalysis (ERA)-Interim data (Dee et al., 2011) were also used as observational data, with equiva-
lent spatial (2.5°) and temporal (6-hourly) to the forecast data. ERA-Interim was used to detect extraordinary
ACs and verify the forecast performance.
2.2. Detection of Extraordinary ACs in Summer
The detection of observed extraordinary ACs in summer during 2008–2016 consists of two steps. First, all
cyclone centers over the Arctic were identiﬁed at each time using the method developed by Aizawa and
Tanaka (2016). The method searches for cyclone centers based on an interpolated sea level pressure (SLP)
ﬁeld from a longitude-latitude grid to an equal-distance (40 km) x-y grid over the Arctic. The algorithm deems
a grid as a candidate for a cyclone center when the SLP at the target grid is a local minimum, and the SLP is
2 hPa lower than the averaged SLP over grids between 500 and 550 km from the target grid. The cyclone
centers detected by this method were similar to those by the method of Lionello et al. (2002).
Second, the centers of observed extraordinary ACs were selected from the identiﬁed candidates. The
selection was based on the following three criteria: The central pressure was lower than 980 hPa, the cen-
tral position was north of 70°N, and the areal-mean (within 800 km of the cyclone center) temperature
anomaly at 250 hPa was higher than 5 K. The mature stage of each AC was deﬁned as when the AC
recorded the minimum central pressure. The time of the mature stage of the ACs was selected at 0000
or 1200 UTC on each day because all the NWP centers provided control analyses (deﬁned as an initial ﬁeld
of a control forecast) for those times. The radius of each AC was measured in a similar manner as
Yamagami et al. (2017).
2.3. Veriﬁcation of the AC Prediction
The same detection method was applied to the forecast data. The existence probability of the ACs was
assessed for each NWP center, at each forecast lead time. The existence of an AC at its mature stage was
deﬁned based on the cyclone center with<995 hPa enclosed by at least two closed contours (circular or ellip-
tical) with 5-hPa contour interval. The existence probability was deﬁned as the ratio of ensemble members
predicting the existence of the AC to the total number of members.
The forecast skill for the ACs at their mature stage was subsequently assessed at each lead time. The forecast
skill was measured as the root-mean-square error of central pressure and the great-circle distance of the
central position between predicted and analyzed ACs. The forecast skill for each AC was measured by the
ensemble mean of the errors for the members that predicted the existence of the ACs. In addition, the gen-
eral forecast skill was measured by the average of the ensemble mean error for all ACs.
3. Results
3.1. Observed Extraordinary AC Events
Ten extraordinary ACs in summer during 2008–2016 were detected using ERA-Interim (Figure 1 and Table S2).
Although an average of one or two extraordinary ACs occurred during these summers, no extraordinary ACs
occurred in the summers of 2009, 2011, or 2014. Thus, the occurrence frequency of extraordinary ACs is
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dependent on year, owing to the strength of the upper-level polar vortex (e.g., Tao et al., 2017) and barocli-
nicity over the Arctic frontal zone (e.g., Crawford & Serreze, 2016).
Of the 10 ACs, the AC12 had the lowest central pressure at its mature stage (965.3 hPa, Figure 1e), followed by
the AC in August 2016 (967.3 hPa, Figure 1j). The AC12 also had the lowest central pressure anomaly of
43.7 hPa. Interestingly, the AC in June 2015 (Figure 1h) showed the third lowest central pressure but the
largest size (radius of 1,370.5 km) of all the ACs and the second lowest central pressure anomaly
(42.3 hPa). A correlation between the central pressure and radius of the ACs was 0.65, suggesting that
the stronger AC tended to have the larger size. This means that the SLP gradient from the center to the outer
edge of AC is similar among the AC events. Except for the AC in August 2010, the ACs reached their mature
stage over the Paciﬁc sector of the Arctic Ocean, where maximum cyclone deepening occurs frequently
(Serreze & Barrett, 2008). Besides the ACs in August 2012 and 2016 (Parkinson & Comiso, 2013; Petty et al.,
2018), the other ACs, especially long-lived ACs, also inﬂuenced sea ice and snow (Text S1).
3.2. Analysis Uncertainties for the ACs
As observations are limited over the Arctic (Jung et al., 2016), uncertainties in related analyses are larger over
the Arctic than over the northern midlatitudes (Jung & Matsueda, 2016). Therefore, it is important to assess
the difference between control analyses and ERA-Interim at the mature stage of the ACs.
Overall, the central position of each AC at its mature stage in the control analyses was comparable to that in
the ERA-Interim (Figures 2a and 2b). The difference in central position between each control analysis and
ERA-Interim was less than 90 km in the majority of events. The average differences for all AC events between
ERA-Interim and the CMC, ECMWF, JMA, NCEP, and UKMO analyses were 36.7, 36.2, 42.6, 28.7, and 43.7 km,
respectively. The largest difference (144.1 km) occurred between the ECMWF analysis and ERA-Interim for
the AC in August 2016 (event j in Figure 2b), followed by 126.4 km between the CMC analysis and
ERA-Interim for the AC in June 2008 (event a in Figure 2b), and 113.0 km between the UKMO analysis and
ERA-interim for the AC in August 2016 (event j in Figure 2b). Although differences were larger for these
ACs than for other ACs, differences were less than 15% of the radius of the individual ACs.
Regarding the analyzed central pressure (Figure 2c), the differences between each analysis and ERA-Interim
were generally larger for the ACs from June 2008 to August 2012 (events a–e in Figure 2c) than for the ACs
Figure 1. Analyzed sea level pressure (SLP) ﬁelds (European Centre for Medium-Range Weather Forecasts Reanalysis-Interim) for the extraordinary Arctic cyclones
(ACs) at their mature stage. The time of the mature stage is provided in each panel. Shading is given for SLP<1,000 hPa. The crosses indicate the center of each AC.
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from July 2013 to 2016 (events f–i in Figure 2c). The differences for the AC in August 2016 (event j in Figure 2c)
were, however, similar to those for the ﬁrst ﬁve events. The central pressures in the CMC and UKMO analyses
were generally higher than those in ERA-Interim. In contrast, the central pressures in the ECMWF analysis were
lower than those in ERA-Interim, except for the ACs in June 2008 and August 2016. The average
differences for all the events between ERA-Interim and the CMC, ECMWF, JMA, NCEP, and UKMO
analyses were 2.1, 0.9, 0.2, 0.0, and 1.2 hPa, respectively. For individual ACs, the largest difference
(10.3 hPa) occurred between the CMC analysis and ERA-Interim for the AC in June 2008 (event a in
Figure 2c), followed by 4.1 hPa between the UKMO analysis and ERA-Interim for the same AC.
Excluding the AC in June 2008 reduced the average difference for the remaining nine ACs between
the CMC analysis and ERA-Interim to 1.2 hPa.
These comparisons indicate that there were insigniﬁcant differences in both the central pressure and position
of the ACs at their mature stage. Therefore, ERA-Interim was treated as the observed conditions for verifying
the forecasts in the following subsections.
3.3. Example of Cyclone Track Ensemble Forecasts
In June 2015 (Figure 1h), an AC migrated into the Arctic from the Atlantic at 1800 UTC on 2 June and reached
its lowest central pressure of 971.0 hPa over the central Arctic Ocean at 0000 UTC on 7 June. All ensemble
members initialized at 1200 UTC on 2 June accurately predicted the initial position and subsequent north-
eastward path of the AC (Figure 3). However, the predicted tracks began to differ between members when
Figure 2. (a) Central positions of the analyzed Arctic cyclones (ACs) in the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA)-Interim
(black circle) and control analyses (cross) of the Canadian Meteorological Centre (CMC; yellow), ECMWF (blue), the Japan Meteorological Agency (JMA; red), the
National Centers for Environmental Prediction (NCEP; green), and the UK Met Ofﬁce (UKMO; purple) and (b) the difference of central position between ERA-Interim
and the control analysis. (c) Central pressures of the analyzed ACs for ERA-Interim (black horizontal line; the value is given at the top-right corner of each frame) and
each control analysis (colored bars; differences >2.0 hPa between ERA-Interim and each analysis are given above or below each bar). The letters (a)–(j) for each
symbol in (a) correspond to the AC events shown in (b) and (c), Figure 1, and Table S2.
10.1029/2018GL077278Geophysical Research Letters
YAMAGAMI ET AL. 4432
the AC was over Novaya Zemlya. Except for several JMA members, the predicted ACs were located further
south compared with the observed position at 0000 UTC on 7 June. The majority of the CMC and ECMWF
members predicted central pressures <980 hPa. These results suggest that for the 4.5-day forecast of the
AC (1) most members accurately predicted the existence of the AC (Figure S1h), (2) CMC and ECMWF
showed a better skill in predicting the central pressure than the other centers (Figure S2h), and (3) all
centers showed a similar forecast skill for the central position (Figure S3h).
3.4. Existence Probability for the Extraordinary ACs
The existence probability of ACs is primarily related to the forecast performance for the generation (but also
maintenance) of the ACs (Figure 4a). For 10 extraordinary ACs, ECMWF exhibited the highest probability at
lead times of 2.5–6.5 days, with probabilities of ~0.77 and ~1.0 on average, at lead times of 6.5 and 2.5 days,
respectively. Both CMC and NCEP were the second-best performing centers at lead times of 4.5–6.5 days. The
probability differences between ECMWF and these two centers were ~0.10 and ~0.05 at lead times of 6.5 and
4.5 days, respectively. Overall, JMA and UKMO showed the lowest probability at equivalent lead times, and
their differences from ECMWF were ~0.18 and ~0.08 at lead times of 6.5 and 4.5 days, respectively. Thus,
ECMWF showed 1- to 1.5-day advantage in predicting AC generation and maintenance at these lead times,
compared with the other centers (i.e., the probability for ECMWF at a lead time of 6.5 days was similar to
the probability for the other centers at lead times of 5.0–5.5 days). At lead times of 2.5–3.5 days, JMA and
Figure 3. An example of cyclone track ensemble forecasts for (a) the Canadian Meteorological Centre (CMC), (b) the European Centre for Medium-Range Weather
Forecasts (ECMWF), (c) the Japan Meteorological Agency (JMA), (d) the National Centers for Environmental Prediction (NCEP), and (e) the UK Met Ofﬁce (UKMO)
initialized at 1200 UTC on 2 June 2015. The white circles indicate the initial position of the AC. Black and blue lines indicate the analyzed (ECMWF Reanalysis
[ERA]-Interim) and predicted cyclone tracks, respectively. Black rhombuses on the analyzed track indicate the central position at 0000 UTC on each day. Colored
squares indicate the predicted central pressures and positions at 0000 UTC on 7 June 2015. The contour shows the analyzed SLP at 0000 UTC on 7 June 2015, with a
contour interval every 3 hPa (the central position is given by a white cross).
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UKMO displayed vast improvement whereby probabilities were >0.95,
similar to ECMWF and CMC. Although NCEP showed the lowest existence
probabilities of 0.93–0.98 at these lead times, all centers had a probability
of 1.0 at lead times of ≤1.5 days.
The existence probability varied for each AC (Figure S1). For example, the
probability for the AC in June 2015 (Figure S1h) was ~1.0 at almost all lead
times for all NWP centers. The probability was also higher for the ACs in
July 2013 (except at a lead time of 7 days, Figure S1f) and August 2016
(Figure S1j) than for all remaining ACs. Conversely, the existence probabil-
ity of ~0.3 for the AC in August 2013 (Figure S1g) at lead times of
4.5–6.5 days was the lowest out of the 10 ACs but signiﬁcantly improved
at a lead time of 3.5 days. In this AC event, the generation of the AC over
the Eurasian continent was difﬁcult to predict at lead times ≥4.5 days.
For these 10 events, the long-lived ACs are likely to show the high
existence probability, especially in its developing stage.
3.5. Forecast Skills of Central Pressure and Position for the
Extraordinary ACs
On average, ECMWF exhibited the highest forecast skill in predicting
central pressures at all lead times (Figure 4b). The central pressure errors
were 13.3 and 1.7 hPa at lead times of 6.5 and 0.5 days, respectively.
Overall, ECMWF had 1- to 1.5-day advantage compared with the other
centers, in addition to the existence probability. Further, ECMWF outper-
formed the other NWP centers for most AC events in terms of predicting
central pressures (Figure S2). At lead times of 4.5–6.5 days (Figure 4b),
CMC and NCEP were the second-best performing centers. The differences
in central pressure errors between ECMWF and these two centers were 1.0
and 2.8 hPa at lead times of 6.5 and 4.5 days, respectively. For these lead
times, JMA and UKMO exhibited the lowest performance, and their differ-
ences from ECMWF were 2.5 and 4.3 hPa at lead times of 6.5 and 4.5 days,
respectively. CMC was also the second-best performing center at lead
times of 1.5–3.5 days, whereas NCEP had the lowest forecast skill at these
shorter lead times. The performance of JMA improved considerably at lead
times ≤3.5 days, and its central pressure errors were similar to those for
CMC at lead times of 3.5 and 1.5 days. Interestingly, JMA had the second
lowest central pressure error of 2.6 hPa at a lead time of 0.5 days. For indi-
vidual ACs (Figure S2), the forecast skill for the AC in August 2012 was par-
ticularly low compared with the other ACs (Figure S2e). In this AC event,
the development of an upper-level warm core resulting from a merging
cyclone was difﬁcult to predict (Yamagami et al., 2018). In contrast, the
central pressure errors for the ACs in July 2013 (Figure S2f) and 2016
(Figure S2i) were lower than those for the other ACs.
For predictions of the central position (Figure 4c), the average errors in the
6.5-day forecasts were 650–800 km for all NWP centers. These average
position errors were somewhat similar to the radius of the ACs (Table S2),
suggesting that all NWP centers failed to predict the positions of the
ACs at this lead time. At lead times of 1.5–5.5 days, ECMWF showed the
highest performance in predicting the central position and a 1-day advan-
tage compared with the other centers. The difference in the average errors
between ECMWF and the other centers was ~100 km. At lead times of
3.5–5.5 days, the average position error was larger for CMC than for the
other centers. However, the CMC forecast improved signiﬁcantly at a lead
time of 2.5 days and the error was similar to that for JMA, NCEP, and UKMO
Figure 4. Average (a) existence probability, (b) central pressure error, and
(c) central position error for the mature stages of 10 extraordinary Arctic
cyclones (ACs) in summer of 2008–2016, predicted by the Canadian
Meteorological Centre (CMC; yellow), the European Centre for Medium-
Range Weather Forecasts (ECMWF; blue), the Japan Meteorological Agency
(JMA; red), the National Centers for Environmental Prediction (NCEP; green),
and the UK Met Ofﬁce (UKMO; purple), as a function of forecast lead time.
The forecasts were veriﬁed against ECMWF Reanalysis (ERA)-Interim.
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at lead times of 1.5–2.5 days. At a lead time of 0.5 days, all NWP centers exhibited average errors <100 km.
The central position errors for individual ACs (Figure S3) showed that the AC in June 2015 (Figure S3h) had
the largest error of all the ACs. Conversely, the errors for the ACs in July 2013 (Figure S3f) and 2016 (Figure S3i)
were lower than those for the remaining ACs. In these ACs, the position of an upper-level polar vortex
was predicted well compared with the other ACs. On average, a large ensemble spread of geopotential
height at 300 hPa appeared around the polar vortex at their mature stage, implying that main differ-
ence between members is the position of the predicted upper-level polar vortex. Unlike the central
pressure predictions, the best performing center was dependent on the AC event, particularly at lead
times of 4.5–6.5 days.
The average central position error for ECMWF at a lead time of 4.5 days was reduced to less than half of the
mean observed radius (469.1 km) for the 10 ACs, with the average pressure error of 8.8 hPa. In addition, JMA,
NCEP, and UKMO had average position errors <496.1 km at a lead time of 3.5 days and their average central
pressure errors were 9.2, 10.7, and 10.4 hPa, respectively. Predictions of CMC had an average central position
error <496.1 km at a lead time of 2.5 days, with average central pressure error of 5.5 hPa. The skill difference
between ECMWF and JMA suggests that the impact of ensemble size on the forecast skill is little. Given that
the model resolution has little impact on forecast skill over the Arctic and representation of extraordinary
cyclones (Bauer et al., 2016; Jung et al., 2006) and that the ECMWF analysis is the closest to the mean analysis
for all the NWP centers (Park et al., 2008; Wei et al., 2010), the higher quality of the ECMWF control analysis,
rather than its higher model resolution and larger ensemble size, might be a main contributor to its higher
forecast skill regarding ACs.
4. Concluding Remarks
In this study, the forecast skill for 10 extraordinary ACs in summer (June–August) during 2008–2016 is
assessed at medium-range timescales using ﬁve leading operational ensemble forecasts.
Larger forecast uncertainties are expected over the Arctic than the lower latitudes, predominantly because of
the analysis uncertainties due to the sparse network of observations. The central pressure and position of the
individual mature AC from analyses of each NWP center are largely similar to those in ERA-Interim. The
average differences in the central pressure and position for the 10 ACs between each center’s analysis and
ERA-Interim are less than 0.5 hPa and 37.6 km, respectively.
Overall, ECMWF exhibits 1- to 1.5-day advantage in predicting the existence, central pressure, and central
position of the ACs, compared with the other centers. The second-best performing center was dependent
on the forecast lead time and the AC event. The average central position error for ECMWF (CMC) decreased
to ≤469.1 km, which is half of the average radius for the 10 ACs, at a lead time of 4.5 (2.5) days, and its average
central pressure error was 8.8 (5.5) hPa. Further, JMA, NCEP, and UKMO had an average position error
≤469.1 km at a lead time of 3.5 days, and their average central pressure errors were 9.2, 10.7, and 10.4 hPa,
respectively. The results suggest that the operational ensemble prediction systems generally predict the posi-
tion of the ACs within 469.1 km at 2.5–4.5 days before the mature stage, with a central pressure error of
5.5–10.7 hPa. A higher quality of the control analysis, rather than a higher model resolution and a larger
ensemble size, can lead to a higher forecast skill of extraordinary ACs.
The mean forecast skill for the extraordinary ACs is lower than that for midlatitude cyclones in the Northern
Hemisphere (Froude, 2010) yet similar to that in the Southern Hemisphere (Froude, 2011). The sparse network
of observations over both the Arctic and Southern Hemisphere (Jung et al., 2016) and the consequential ana-
lysis uncertainties in initial conditions (Inoue et al., 2015; Jung & Matsueda, 2016) are presumably one of the
reasons for the similarity in forecast skills. However, mechanisms associated with the development andmain-
tenance of ACs during summer, especially a coupling between upper- and lower-level vorticities, also contri-
bute to lower predictability (Yamagami et al., 2018; Yamazaki et al., 2015). Therefore, more detailed analyses
are needed of individual ACs to better understand the causes of this low forecast skill. Further, the best
performing center in predicting the central position is dependent on the AC event, as well as other severe
events (Matsueda & Nakazawa, 2015). This suggests that an estimate of uncertainties in the central position
forecast using a multicenter grand ensemble approach is useful for shipping activities on the Northern Sea
Route and aircraft activities on the Polar Route.
10.1029/2018GL077278Geophysical Research Letters
YAMAGAMI ET AL. 4435
References
Aizawa, T., & Tanaka, H. L. (2016). Axisymmetric structure of the long lasting summer Arctic cyclones. Polar Science, 10(3), 192–198. https://doi.
org/10.1016/j.polar.2016.02.002
Aizawa, T., Tanaka, H. L., & Sato, M. (2014). Rapid development of arctic cyclone in June 2008 simulated by the cloud resolving global model
NICAM. Meteorology and Atmospheric Physics, 126(3-4), 105–117. https://doi.org/10.1007/s00703-013-0272-6
Bauer, P., Magnusson, L., Thépaut, J., & Hamill, T. M. (2016). Aspects of ECMWF model performance in polar areas. Quarterly Journal of the
Royal Meteorological Society, 142, 583–596. https://doi.org/10.1002/qj.613
Crawford, A. D., & Serreze, M. C. (2016). Does the summer Arctic frontal zone inﬂuence Arctic Ocean cyclone activity? Journal of Climate,
29(13), 4977–4993. https://doi.org/10.1175/JCLI-D-15-0755.1
Crawford, A. D., & Serreze, M. C. (2017). Projected changes in the Arctic frontal zone and summer arctic cyclone activity in the CESM large
ensemble. Journal of Climate, 30(24), 9847–9869. https://doi.org/10.1175/JCLI-D-17-0296.1
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., et al. (2011). The ERA-Interim reanalysis: Con ﬁguration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597. https://doi.org/
10.1002/qj.828
Eguíluz, V. M., Fernández-Gracia, J., Irigoien, X., & Duarte, C. M. (2016). A quantitative assessment of Arctic shipping in 2010–2014. Nature
Scientiﬁc Reports, 6(1), 30,682. https://doi.org/10.1038/srep30682
Frame, T. H. A., Ambaum, M. H. P., Gray, S. L., & Methven, J. (2011). Ensemble prediction of transitions of the North Atlantic eddy-driven jet.
Quarterly Journal of the Royal Meteorological Society, 137(658), 1288–1297. https://doi.org/10.1002/qj.829
Frame, T. H. A., Methven, J., Gray, S. L., & Ambaum, M. H. P. (2013). Flow-dependent predictability of the North Atlantic jet. Geophysical
Research Letters, 40, 2411–2416. https://doi.org/10.1002/grl.50454
Froude, L. S. R. (2010). TIGGE: Comparison of the prediction of Northern Hemisphere extratropical cyclones by different ensemble prediction
systems. Weather and Forecasting, 25(3), 819–836. https://doi.org/10.1175/2010WAF2222326.1
Froude, L. S. R. (2011). TIGGE: Comparison of the prediction of Southern Hemisphere extratropical cyclones by different ensemble prediction
systems. Weather and Forecasting, 26(3), 388–398. https://doi.org/10.1175/2010WAF2222457.1
Inoue, J., Yamazaki, A., Ono, J., Dethloff, K., & Maturilli, M. (2015). Additional Arctic observations improve weather and sea-ice forecasts for the
Northern Sea Route. Nature Scientiﬁc Reports, 5(1), 16868. https://doi.org/10.1038/srep16868
Jung, T., Gordon, N. D., Bauer, P., Bromwich, D. H., Chevallier, M., Day, J. J., et al. (2016). Advancing polar prediction capabilities on daily to
seasonal time scales. Bulletin of the American Meteorological Society, 97(9), 1631–1647. https://doi.org/10.1175/BAMS-D-14-00246.1
Jung, T., Gulev, S. K., Rudeva, I., & Soloviov, V. (2006). Sensitivity of extratropical cyclone characteristics to horizontal resolution in the ECMWF
model. Quarterly Journal of the Royal Meteorological Society, 132(619), 1839–1857. https://doi.org/10.1256/qj.05.212
Jung, T., & Matsueda, M. (2016). Veriﬁcation of global numerical weather forecasting systems in polar regions using TIGGE data. Quarterly
Journal of the Royal Meteorological Society, 142(695), 574–582. https://doi.org/10.1002/qj.2437
Lionello, P., Dalan, F., & Elvini, E. (2002). Cyclones in the Mediterranean region: The present and the doubled CO2 climate scenarios. Climate
Research, 22, 147–159. https://doi.org/10.3354/cr022147
Matsueda, M. (2009). Blocking predictability in operational medium-range ensemble forecasts. SOLA, 5, 113–116. https://doi.org/10.2151/
sola.2009-029
Matsueda, M. (2011). Predictability of Euro-Russian blocking in summer of 2010. Geophysical Research Letters, 38, L06801. https://doi.org/
10.1029/2010GL046557
Matsueda, M., & Endo, H. (2011). Veriﬁcation of medium-rangeMJO forecasts with TIGGE. Geophysical Research Letters, 38, L11801. https://doi.
org/10.1029/2011GL047480
Matsueda, M., & Kyouda, M. (2016). Wintertime East Asian ﬂow patterns and their predictability on medium-range timescales. SOLA, 12(0),
121–126. https://doi.org/10.2151/sola.2016-027
Matsueda, M., & Nakazawa, T. (2015). Early warning products for severe weather events derived from operational medium-range ensemble
forecasts. Meteorological Applications, 22(2), 213–222. https://doi.org/10.1002/met.1444
Matsueda, M., & Palmer, T. N. (2018). Estimates of ﬂow-dependent predictability of wintertime Euro-Atlantic weather regimes in medium-
range forecasts. Quarterly Journal of the Royal Meteorological Society. https://doi.org/10.1002/qj.3265
Ono, J., Inoue, J., Yamazaki, A., Dethloff, K., & Yamaguch, H. (2016). The impact of radiosonde data on forecasting sea-ice distribution along
the Northern Sea Route during an extremely developed cyclone. Journal of Advances in Modeling Earth Systems, 8, 292–303. https://doi.
org/10.1002/2015MS000552
Park, Y. Y., Buizza, R., & Leutbecher, M. (2008). TIGGE: Preliminary results on comparing and combining ensembles. Quarterly Journal of the
Royal Meteorological Society, 134(637), 2029–2050. https://doi.org/10.1002/qj.334
Parkinson, C. L., & Comiso, J. C. (2013). On the 2012 record low Arctic sea ice cover: Combined impact of preconditioning and an August
storm. Geophysical Research Letters, 40, 1356–1361. https://doi.org/10.1002/grl.50349
Petty, A. A., Stroeve, J. C., Holland, P. R., Boisvert, L. N., Bliss, A. C., Kimura, N., & Meier, W. N. (2018). The Arctic sea ice cover of 2016: A year of
record low highs and higher than expected lows. The Cryosphere, 12(2), 433–452. https://doi.org/10.5194/tc-12-433-2018
Sakamoto, K., & Takahashi, M. (2005). Cut off and weakening processes of an upper cold low. Journal of the Meteorological Society of Japan,
83(5), 817–834. https://doi.org/10.2151/jmsj.83.817
Serreze, M. C., & Barrett, A. P. (2008). The summer cyclone maximum over the central Arctic Ocean. Journal of Climate, 21(5), 1048–1065.
https://doi.org/10.1175/2007JCLI1810
Simmonds, I., Burke, C., & Keay, K. (2008). Arctic climate change as manifest in cyclone behavior. Journal of Climate, 21(22), 5777–5796.
https://doi.org/10.1175/2008JCLI2366.1
Simmonds, I., & Keay, K. (2009). Extraordinary September Arctic sea ice reductions and their relationships with storm behavior over 1979-
2008. Geophysical Research Letters, 36, L19715. https://doi.org/10.1029/2009GL039810
Simmonds, I., & Rudeva, I. (2012). The great Arctic cyclone of August 2012. Geophysical Research Letters, 39, L23709. https://doi.org/10.1029/
2012GL054259
Simmonds, I., & Rudeva, I. (2014). A comparison of tracking methods for extreme cyclones in the Arctic basin. Tellus A: Dynamic Meteorology
and Oceanography, 66(1), 25252. https://doi.org/10.3402/tellusa.v66.25252
Swinbank, R., Kyouda, M., Buchanan, P., Froude, L., Hamill, T. M., Hewson, T. D., et al. (2016). The TIGGE project and its achievements. Bulletin of
the American Meteorological Society, 97(1), 49–67. https://doi.org/10.1175/BAMS-D-13-00191.1
Tanaka, H. L., Yamagami, A., & Takahashi, S. (2012). The structure and behavior of the Arctic cyclone analyzed by the JRA-25/JCDAS data. Polar
Science, 6, 54–69. https://doi.org/10.1016/j.polar.2012.03.001
10.1029/2018GL077278Geophysical Research Letters
YAMAGAMI ET AL. 4436
Acknowledgments
The authors appreciate Takuro Aizawa
of the Meteorological Research Institute
in Japan and the University of Tokyo for
providing the cyclone detection algo-
rithm. The Interactive Grand Global
Ensemble and ERA-Interim data sets are
available at ECMWF data portal (http://
apps.ecmwf.int/datasets/). The study is
supported by the Arctic Challenge for
Sustainability (ArCS) Project.
Tao, W., Zhang, J., & Zhang, X. (2017). The role of stratosphere vortex downward intrusion in a long-lasting late-summer Arctic storm.
Quarterly Journal of the Royal Meteorological Society, 143(705), 1953–1966. https://doi.org/10.1002/qj.3055
Wei, M. Z., Toth, Z., & Zhu, Y. J. (2010). Analysis differences and error variance estimates from multi-centre analysis data. Australian
Meteorological and Oceanographic Journal, 59(1SP), 25–34. https://doi.org/10.22499/2.5901.005
Yamagami, A., Matsueda, M., & Tanaka, H. L. (2017). Extreme Arctic cyclone in August 2016. Atmospheric Science Letters, 18(7), 307–314.
https://doi.org/10.1002/asl.757
Yamagami, A., Matsueda, M., & Tanaka, H. L. (2018). Predictability of the 2012 great Arctic cyclone onmedium-range timescales. Polar Science,
15, 13–23. https://doi.org/10.1016/j.polar.2018.01.002
Yamazaki, A., Inoue, J., Dethloff, K., Maturilli, M., & König-Langlo, G. (2015). Impact of radiosonde observations on forecasting summertime
Arctic cyclone formation. Journal of Geophysical Research: Atmospheres, 120, 3249–3273. https://doi.org/10.1002/2014JD022925
10.1029/2018GL077278Geophysical Research Letters
YAMAGAMI ET AL. 4437
